An estimate of the stratospheric contribution to springtime tropospheric ozone maxima using TOPSE measurements and beryllium-7 simulations, J. Geophys. Res., 108(D4), 8355, doi:10.10298355, doi:10. / 2001JD001428, 2003 An estimate of the stratospheric contribution to springtime tropospheric ozone maxima using TOPSE measurements and beryllium-7 simulations [1] Measurements of tropospheric ozone (O 3 ) between 30°N and 70°N show springtime maxima at remote locations. The contribution of seasonal changes in stratospheretroposphere exchange (STE) to these maxima was investigated using measurements from the Tropospheric Ozone Production about the Spring Equinox Experiment (TOPSE) campaign and the beryllium-7 ( 7 Be) distribution from a calculation driven by fields from the Goddard Earth Observing System Data Assimilation System (GEOS DAS).
Introduction
[2] Measurements of tropospheric ozone (O 3 ) between 30°N and 70°N show broad summer time maxima at sites affected by pollution and springtime maxima at more remote locations [Oltmans, 1981; Logan, 1985] . The summertime maxima are attributed to rapid photochemical production of O 3 during a period when ultraviolet radiation is at its peak. The springtime maxima are usually attributed to seasonal changes in the cross-tropopause transport of O 3 [Danielsen and Mohnen, 1977] and/or in the photochemical processing and abundance of O 3 precursors [Penkett and Brice, 1986] . The relative importance of each of these factors is still unclear. Monks [2000] summarizes observations of springtime maxima and hypotheses for their cause(s) in a recent review article.
[3] An increased understanding of the processes contributing to the springtime maxima was a major goal of the Tropospheric Ozone Production about the Spring Equinox 0 W) and Churchill, Manitoba (58°47 0 N, 94°12 0 W). Deployments 2 and 4 -7 also included flights to Thule, Greenland (76°32 0 N, 68°45 0 W). Trace species and atmospheric parameters were measured on each of the NCAR C-130 flights at altitudes of up to 8 km.
[4] In this paper, seasonal changes in the cross-tropopause transport of O 3 are investigated by analyzing TOPSE measurements, Ertel's potential vorticity (PV), and output from a beryllium-7 ( 7 Be) simulation. The focus of this study is the TOPSE region (defined here to be 100°-60°W, 40°-80°N) and period (defined here to be 1 February to 31 May 2000) . Past studies of seasonal variations in cross-tropopause exchange are discussed in section 2. The data and model output used in this study are described in section 3. Model-calculated and measured 7 Be mixing ratios are compared in section 4. Seasonal trends in 7 Be and their implications for O 3 are discussed in section 5. Results are summarized in section 6.
Seasonal Variations in Cross-Tropopause Exchange
[5] The cross-tropopause net upward flux (F) of O 3 during an exchange event can be calculated by subtracting the downward flux of O 3 during the event from the upward flux of O 3 during the event.
where M u and M d are the upward and downward components of the mass flux during the event and Q 1 and Q 2 are the O 3 mixing ratios in the upper troposphere and lower stratosphere, respectively. The net effect of several stratospheretroposphere exchange (STE) events on O 3 is an increase in tropospheric O 3 because stratospheric O 3 mixing ratios exceed tropospheric mixing ratios by roughly an order of magnitude. Equation (1) can be rewritten as [e.g., Gettelman and Sobel, 2000]:
where the flux is now comprised of one part equal to the net mass flux (M) multiplied by the O 3 mixing ratio in the lower stratosphere and another part that is equal to the upward mass flux multiplied by the difference between upper tropospheric and lower stratospheric O 3 mixing ratios. Assuming M u is zero, a defendable assumption in the middle stratosphere, the cross-tropopause flux of O 3 , can be computed as a residual of the O 3 budget in the region between the tropopause and the middle stratosphere [e.g., Gettelman and Sobel, 2000] .
[6] The net mass flux across the tropopause is determined by the frequency of STE events and the strength of the wave-driven and turbulence-driven Brewer -Dobson circulation [Brewer, 1949; Dobson, 1956] . This diabatic circulation consists of upward motion in the tropics and descending motion at higher latitudes ( Figure 1 ). Its connection with STE can be understood by dividing the atmosphere into three parts, the underworld, middleworld, and overworld [Hoskins, 1991; Holton et al., 1995] . The underworld and overworld are the regions of the atmosphere nearest and farthest from the Earth, respectively. Isentropes within these regions do not cross the tropopause.
In the absence of diabatic processes, air cannot move between the underworld and overworld. The remaining portion of the atmosphere is called the middleworld. Isentropes in this region, which has an upper bound at $380 K, intersect the tropopause. Therefore, it includes portions of the upper troposphere and extratropical lower stratosphere. Seasonal variations in the strength of the Brewer -Dobson circulation lead to seasonal variations in the downward transport of mass between the stratospheric overworld and middleworld [Holton, 1990] . This downward transport is important because mass in the stratospheric middleworld can be transported isentropically into the troposphere.
Estimates of STE From Meteorological Data
[7] Appenzeller et al. [1996] studied seasonal variations in transport between the stratospheric overworld and middleworld and in STE using United Kingdom Meteorological Office (UKMO) stratospheric analyses. They found that transport between the stratospheric overworld and middleworld has a maximum in early winter and a minimum in late spring or early summer. Gettelman and Sobel [2000] found a similar seasonal cycle using fields from version 1 of the Goddard Earth Observation System Data Assimilation System (GEOS-1 DAS). By continuity, the net flux (F out ) across the tropopause can be calculated by subtracting the change in the mass of the stratospheric middleworld with time (dM/ dt) from the net flux into the stratospheric middleworld from above (F in (t)) where F in (t) and F out (t) are defined to be positive for downward directed mass fluxes (see Figure 1 ) [Appenzeller et al., 1996] . The 380 K isentrope is shown with a thin solid line. The 290 and 300 K isentropes are shown with dotted lines. M(t) denotes the mass of the lowermost stratosphere (upper middleworld), the region between the tropopause and the 380 K isentrope. F(in) denotes the flux into the upper middleworld from the overworld. F(out) denotes the flux from the upper to lower middleworlds (i.e., the net stratosphere-to-troposphere exchange). Notation and concept from the study of Appenzeller et al. [1996] .
The seasonal cycle of STE is not completely determined by the seasonal cycle in the residual circulation because seasonal changes in the position of the tropopause lead to changes in the mass of the stratospheric middleworld. The tropopause moves upward and poleward during the transition from winter to summer and downward and equatorward during the transition from summer to winter [Staley, 1982] . The result is a net transport of mass from the stratospheric to the tropospheric middleworld during the spring and a net transport of mass from the tropospheric to the stratospheric middleworld during the fall. Appenzeller et al. [1996] found that the net downward transport across the tropopause is large and increasing slowly (by 10-20%) between December and June. A broad peak exists because springtime decreases in inflow from the overworld are offset by springtime decreases in the mass of the stratospheric middleworld. Gettelman and Sobel [2000] found an earlier (late winter) and more defined peak in downward transport across the tropopause when they calculated STE using the Wei method [Wei, 1987] .
[8] Cross-tropopause transport is of the most interest when it results in the irreversible transport of material between stratosphere and troposphere. Irreversible STE in the extratropics occurs primarily by small-scale mixing within tropopause folds [Danielsen, 1968] , cutoff lows [Bamber et al., 1984] , and planetary-scale anticyclones [Chen, 1995] . Seasonal cycles in the frequency and/or intensity of any of these features can lead to seasonal changes in STE. Folding events are more than twice as common as cutoff lows [Ebel et al., 1996] . They also show clear seasonal cycle with a minimum in the summer and a broad peak between midautumn and midspring [Ebel et al., 1996; Elbern et al., 1998 ]. Cutoff low events show a slight preference for the summer [Price and Vaughan, 1992] .
[9] Wernli and Bourqui [2002] quantified seasonal and latitudinal variations in extratropical STE by examining European Center for Medium Range Weather Forecasting (ECMWF)-based air trajectories that cross the 2.0 Â 10 À6 K m 2 kg À1 s À1 PV (2.0 PVU) surface, the ''traditional'' dynamical tropopause [Holton et al., 1995] . They found that net exchange was downward throughout the year in the midlatitudes. The amplitude of the downward exchange was largest between January and April and smallest between August and October. At higher latitudes (65°-90°N), the net exchange was slightly upward and did not vary significantly with season. In the vertical, STE was largest in a 150 hPa layer below the climatological tropopause. This layer corresponds to approximately 285-320 K in the winter and 310 -340 K in the summer. Seasonal variations in tropopause height are at least partially responsible for differing seasonal cycles between the lower and upper portions of the middleworld. Analyses of ECMWF fields show vigorous exchange throughout the year in the lower middleworld (q < 330 K) [Chen, 1995] and a summertime peak in exchange in the upper middleworld [Chen, 1995; Postel and Hitchman, 1999] . Be [Husain et al., 1977; Dutkiewicz and Husain, 1985] . Typical stratospheric mixing ratios of these species exceed tropospheric mixing ratios by over an order of magnitude. 90 Sr is a species with a 39.9-year lifetime (mean life with respect to radioactive decay) that is produced by nuclear detonations. 7 Be is a species with a 76 day lifetime that is produced by cosmic radiation, while 10 Be is a species with a 3.6 million year lifetime that is produced by cosmic radiation. Danielsen and Mohnen [1977] studied seasonal variations in STE using seasonal variations in the 90 Sr deposition rate and observed relationships between 90 Sr, PV, and O 3 . Their analysis indicated that the net transport of mass between stratosphere and troposphere peaked during midMay. Fitting a cosine to the seasonal variation, they estimated that exchange rates of mass (O 3 ) during mid-May exceeded exchange rates during mid-November by a factor of 3.0 (4.8) while exchange rates of mass (O 3 ) during midMay exceeded exchange rates during mid-January by a factor of 2.0 (2.8).
[11] The interpretation of seasonal peaks in radionuclide data is complicated because a balance between four processes (STE, vertical and horizontal mixing within the troposphere, and scavenging) controls seasonal variations in tropospheric radionuclide mixing ratios [Feely et al., 1989] . The relative importance of each of these processes depends on location and season. For example, analysis of 7 Be, 10 Be, and 210 Pb (a species with a 32.3-year lifetime that is produced predominantly in the troposphere by the decay of Radon-222) aerosol samples taken at Alert, Northwest Territories, Canada indicates that seasonal variations in vertical mixing within the troposphere are the main factor responsible for springtime peaks in 7 Be and 10 Be at that location [Dibb et al., 1994] .
[12] Chemistry and transport model (CTM) calculations aid in the interpretation of radionuclide data. Rehfeld and Heimann [1995] Be ratio in the upper troposphere peaked during February and March indicating that STE peaked during this period. The ratio in the lower troposphere peaked during March and April indicating that it takes about a month to mix air from the upper to lower troposphere. Synoptic conditions following STE are often conducive to large-scale subsidence that transports tracers from the upper to the lower troposphere [Moody et al., 1996; Cooper et al., 1998 ].
[13] Koch and Rind [1998] evaluated the intensity of the meridional circulation in the lower stratosphere using output from simulations of 7 Be and 10 Be with the Goddard Institute for Space Studies (GISS) GCM. They found that the net transport is poleward and vigorous during the winter and spring and equatorward and weak during the summer. Koch et al. [1996] evaluated processes affecting the vertical mixing of tracers in the troposphere using output from 7 Be and 210 Pb simulations. They found that seasonal changes in middle and upper tropospheric mixing are affected by seasonal changes in the strength of the meri-dional circulation. However, transport to the surface is more closely related to seasonal changes in convective mixing. Hemisphere midlatitude tropopause using the relationship between total column O 3 and PV. They found that exchange rates in mid-April exceeded exchange rates in mid-September by a factor of 2. Exchange rates increased by $25% between mid-January and mid-April. They attributed the seasonal cycle to seasonal changes in the frequency and strength of baroclinic systems.
[15] Roelofs and Lelieveld [1997] studied seasonal changes in Northern Hemisphere STE of O 3 using a GCM, the European Center Hamburg Model, version 4 (ECHAM4), coupled to a tropospheric chemistry model. They found that transport of stratospheric O 3 into the troposphere increased by nearly 20% between winter and spring. However, the winter to spring increase due to transport was less than the winter to spring increase in photochemically produced O 3 . Wang et al. [1998] studied the causes of springtime O 3 maxima using a CTM driven by fields from the GISS GCM. They attributed springtime maxima to the ''superimposed'' contributions of O 3 transported from the stratosphere that peaked in the early spring, and O 3 produced in the troposphere that peaked in the late spring.
Summary
[16] Seasonal variations in the cross-tropopause flux of O 3 have been studied by a variety of independent methods. With few exceptions, a springtime peak is seen in STE. The contribution of this springtime peak in STE to the springtime O 3 maxima is the focus of this study.
Data and Model Description
[17] The contribution of STE to the springtime O 3 maxima will be investigated using meteorological parameters derived from the GEOS-3 DAS [Schubert et al., 1993; Bloom et al., 1996] , measurements from the TOPSE campaign, and the 7 Be distribution from a CTM calculation. These tools are discussed in the following sections.
University of Maryland (UMD) CTM/GEOS-3 DAS
[18] The distribution of 7 Be was simulated using the UMD-CTM, a version of the Goddard CTM [Allen et al., 1996a [Allen et al., , 1996b ] that includes wet scavenging and dry deposition. The calculations were driven by data from the GEOS-3 DAS. The mixing ratio change due to advection is calculated using a multidimensional and semi-Lagrangian extension of the piecewise parabolic method (PPM) [Lin and Rood, 1996] . Convective mixing in the UMD-CTM [Allen et al., 1996b] is calculated using cumulus mass flux and detrainment output from the Relaxed Arakawa -Schubert (RAS) algorithm [Arakawa and Schubert, 1974; Moorthi and Suarez, 1992] that is used to parameterize convection in the GEOS GCM. Three-hour-averaged planetary boundary layer depths are available from the GEOS-3 DAS. Turbulent mixing within the boundary layer is parameterized using a fractional mixing scheme [Allen et al., 1996a] . Dry deposition is parameterized based on surface type [e.g., Brasseur et al., 1998 ] with deposition velocities from the study of Sander and Crutzen [1996] . Wet removal of soluble species is accomplished through a wet scavenging algorithm described by Chin et al. [2000] using precipitation rates from the GEOS-3 DAS. Scavenging by cirrus precipitation [Lawrence and Crutzen, 1998; Liu et al., 2001] is not included.
[19] Data from the GEOS-3 DAS are archived on a 48 sigma layer 1°in latitude by 1°in longitude (1°Â 1°) grid. The UMD-CTM was run at a 2°Â 2.5°resolution with 35 sigma -pressure layers. The model tops of the GEOS-3 DAS and the UMD-CTM are 0.01 hPa. Pressures at the tops and bottoms of the first 25 GEOS-3 DAS and UMD-CTM layers ($1000 to $37.6 hPa) are identical. The uppermost 23 GEOS-3 DAS layers are mapped onto 10 UMD-CTM layers. The resulting fields are mapped onto a 2°Â 2.5°grid. The UMD-CTM grid includes 8 layers between the surface and 850 hPa and 13 layers between 850 and 100 hPa with a vertical resolution in the expected TOPSE tropopause region of 1.4 -1.8 km. The sigmapressure interface of the UMD-CTM is $242 hPa. Sixhour-averaged u and v components of the wind are taken from the GEOS-3 DAS. The winds are interpolated in time to the transport time. The vertical velocity is calculated kinematically each transport time step (15 min) by assuming the vertical velocity is zero at the top of the model and integrating downward.
[20] Ertel's PV was calculated on the UMD CTM grid using fields from the GEOS-3 DAS. The formula for PV can be expressed in the form [e.g., Nash et al., 1996] :
where g is the acceleration due to gravity, z s is the vertical component of the relative vorticity on a sigma surface, f is the Coriolis parameter, q is the potential temperature, and p is the pressure. The z s is given by
where u and v are the zonal and meridional wind components along the x and y Cartesian coordinates. Wind components are available at 00, 06, 12, and 18 UT. PV was calculated for every 6-hour period between 1 February and 31 May 2000.
[21] The tropopause pressure was also calculated as a function of latitude and longitude on the UMD-CTM grid. It was defined to be the largest pressure (pressure < 600 hPa) at which Ertel's PV equaled 2.5 PVU. However, if the resulting tropopause pressure was less than the pressure at the 380 K surface, the pressure at the 380 K surface was used as the tropopause pressure. Estimates of PV at the midlatitude tropopause vary from 1.5 [WMO, 1996] Be activities during the TOPSE mission. Atmospheric aerosol samples were collected on filters during 12-24 min constant altitude sampling periods. The filters were shipped to a laboratory and analyzed for 7 Be activity using gamma spectroscopy. Activities were adjusted for loss by decay during the time period between sampling and analysis.
[23] Two hundred and ninety eight aerosol samples were collected on 31 different days during TOPSE flights 5 -42. Three of the samples were taken in the stratosphere (PV > 2.5; mean sampling pressure < tropopause pressure). Of the remaining 295, eight had mean sampling pressures within 10 hPa of the tropopause pressure. These eight samples included four samples from deployment 5. 7 Be mixing ratios (see appendix) from 239 samples exceeded detection limits (0.8 -4.5 milli-Becquerels (mBq) SCM À1 ), which varied with sampling pressure and time. Mixing ratios less than the detection limit were set to the detection limit. This step introduced a positive bias of 0.0-0.4 mBq SCM
À1
(0.0 -1.8%) in the mean 7 Be mixing ratio (The mean 7 Be mixing ratio decreased from 19.9 to 19.5 mBq SCM À1 when the mixing ratios at these points were set to zero). The median and maximum mixing ratios during the TOPSE mission were 11.4 and 175 mBq SCM
, respectively. The standard deviation was 26.7 mBq SCM À1 .
[24] O 3 measurements were collected using the NCAR Atmospheric Chemistry Division (ACD) fast chemiluminescence instrument . HNO 3 measurements were taken using a mist chamber sampling technique and ion chromatographic analysis [Talbot et al., 1999] (E. Scheuer et al., Seasonal distributions of fine aerosol sulfate in the North American Arctic basin during TOPSE, submitted to Journal of Geophysical Research, 2002). Fiveminute average O 3 and HNO 3 mixing ratios from these measurements are available as part of the 300-s TOPSE data merges that are available through the NCAR ACD. Mean O 3 and HNO 3 mixing ratios for the 12-24 min aerosol sampling periods were calculated by averaging data from the 5-min merges over the aerosol sampling periods.
[25] The effect of seasonal trends in STE on seasonal trends in O 3 and 7 Be in the troposphere are evaluated in section 5. Aerosol samples collected below 1 km or above the tropopause are not included in the trend analysis. Surface layer samples are excluded in order to remove ''trends'' associated with bromine chemistry over ice-covered surfaces [Barrie et al., 1988] . Twenty-one samples (three, one, three, six, seven, zero, and one from deployments 1 -7, respectively) were collected below 1 km. Three stratospheric samples (two from deployment 3 and one from deployment 5) were also removed. The total number of samples used for the correlation and trend analysis in section 5 is 274.
Be is produced when neutrons created by collisions between primary cosmic rays and atoms collide with nitrogen and oxygen atoms. Since cosmic rays follow the Earth's magnetic field, 7 Be production is largest at latitudes poleward of 60°. In the vertical, production is largest in the lower stratosphere. Be production also varies with the solar cycle. It is smallest when the solar cycle is near its maximum and largest when the cycle is near its minimum. The solar cycle was near its maximum in 2000. The 7 Be source used in this study is given by Lal and Peters [1967] . The magnitude of the source, 0.080 atoms 7 Be m À2 s
, is appropriate for a solar maximum year. The Be source used in this study is shown as a function of latitude and pressure in Figure 2 .
[27] It is important to note that 7 Be has a significant tropospheric source. Therefore, in order to study STE using 7 Be, it is desirable to solve for the distribution of 7 Be with a tropospheric source (trop-7 Be) separately from 7 Be with a stratospheric source (strat-7 Be) [e.g., Liu et al., 2001] . This was achieved by dividing the 7 Be source into stratospheric and tropospheric components using the tropopause pressure. Separate calculations for tropospheric and stratospheric 7 Be began 1 January 2000 following a 6-month spin up from an initial condition of 7 Be = 0 using GEOS-3 DAS fields for July -December 2000. The spin up did not use data from 1999 because the GEOS-3 assimilation did not begin until November 1999.
[28] Time-averaged (1 February to 31 May 2000) budgets for trop- 7 Be and strat- 7 Be are shown for the globe and the TOPSE region (100°-60°W, 40°-80°N) in Table 1 . Overall, seventy-one percent of model-calculated 7 Be is produced in the stratosphere. This value agrees remarkably well with the value (70%) given by Lal [1963] and Lal and Peters [1967] . The extremely good agreement is partially fortuitous given uncertainties in the source distribution and the tropopause location. Radioactive decay is the dominant loss mechanism for 7 Be with a stratospheric source (strat-7 Be), while wet scavenging is the dominant loss mechanism for 7 Be with a tropospheric source (trop-7 Be). Dry deposition plays a relatively minor role. Within the TOPSE region, because of the relatively low tropopause, strat- 7 Be accounts for 84% of the total 7 Be production. The relative importance of radioactive decay is also enhanced due to low scavenging rates over the northern portion of the TOPSE region.
[29] The zonally averaged model-calculated Be source and its sinks is given in the mass column (g month À1 ). The percent each loss term contributes to the total loss is shown in the loss column. Be, O 3 , and HNO 3 data indicated that stratospheric influence was large are shown with X's [Dibb et al., 2002] . Both model-calculated and observed mixing ratios are enhanced during these periods; although, model-calculated mixing ratios are usually too low. The underestimation of variability is not surprising. Model-calculated mixing ratios were obtained by interpolating 2°Â 2.5°model output at 00, 06, 12, and 18 UT to the measurement location and time. Sampling periods were only 12-24 min, which translates to 75-150 km (1/2 -1 grid box) at typical C-130 speeds.
[31] Curtain plots for each of the four flights are shown in Figures 5a -5d . The location of the GEOS-3 DAS tropopause is shown by triangles. Lower stratospheric mixing ratios exceed upper tropospheric mixing ratios by approximately an order of magnitude. Clearly, the model is able to maintain large gradients across the tropopause. Comparison of 7 Be measurements and model output indicates that the location of tropopause folds is reasonably well simulated by the model.
Mean Distributions
[32] Mean measured and model-calculated 7 Be mixing ratios, tropopause pressures, and sampling pressures are shown as a function of flight date in Figure 6 . Mean values for each date were calculated by weighting individual measurements and model values at the sampling locations by sampling lengths. Overall, mean model-calculated and measured mixing ratios differ by only 5%.
[33] Observed daily average 7 Be mixing ratios exceed 30 mBq SCM À1 on 7 March, 2 April, 28 April, and 30 April. Mean mixing ratios are high on these days because several of the individual measurements were taken at relatively low pressures and/or within tropopause folds (e.g., 7 March (see Figure 5b ), 2 April (not shown), and 28 April (see Figure 5d) ). Model-calculated mean mixing ratios on these days are also much larger than normal. In general, model-calculated 7 Be mixing ratios are too low within tropopause folds. The low bias may be caused by the relatively coarse resolution of the model or by errors in the source specification. 7 Be mixing ratios increase rapidly with height in the lower stratosphere. Therefore, small errors in the source distribution could lead to significant errors in mixing ratios. The ability of the CTM to capture the location and time of high 7 Be mixing ratios is encouraging. It suggests that the location and time of major STE events are reasonably well simulated by the UMD-CTM when driven by GEOS-3 DAS fields.
[34] Mean model-calculated and observed 7 Be profiles in the southern (latitudes < 60°N) and northern (latitudes > 60°) portions of the TOPSE region are shown in Figures 7a  and 7b , respectively. In general, model-calculated mixing ratios are too low in the lower troposphere and slightly high in the upper troposphere. The low bias is most noticeable in the southern portion of the TOPSE region where mixing ratios in the lowest troposphere are too low by almost a factor of 2. An upper tropospheric high bias of 10 -30% is evident in the northern portion of the TOPSE region. Model-calculated upper tropospheric mixing ratios in the southern portion of the TOPSE region appear to be reasonable given the large variability of observed mixing ratios in the upper troposphere.
[35] The low bias in the lower troposphere may be caused by an overestimation of wet scavenging within stratiform clouds. Scavenging rates within stratiform clouds are proportional to the precipitation rate and inversely proportional to the liquid water content [Giorgi and Chameides, 1986] . Monthly average GEOS-3 DAS precipitation rates for the 100°-60°W, 30°-60°N region during the TOPSE period differ from satellite-gauge precipitation estimates from the Global Precipitation Climatology Project Version 2 Combined Precipitation Data Set [Huffman et al., 1995; Susskind et al., 1997] by less than 20%. In this study, a cloud condensed water content of 0.5 Â 10 À3 kg m À3 [Giorgi and Chameides, 1986] was used when calculating the fraction of a grid volume experiencing large-scale convection. This value is appropriate for highly soluble gases and aerosols but appears to be a factor of 3 too small for 7 Be [Brost et al., 1991; Liu et al., 2001] .
[36] The reasonable agreement in the upper troposphere is significant because previous calculations driven by GEOS A sigma -pressure coordinate system was used for this simulation while a sigma coordinate system was used for the previous calculations. CTM-calculated STE may be extremely sensitive to the vertical coordinate.
[37] The variability of observed and model-calculated mixing ratios as a function of pressure is shown in Figures  8a and 8b , respectively. Model-calculated mixing ratios are less variable than observed, especially in the upper troposphere. Both the measurements and model output show a peak in variability in the upper troposphere. The variation of the model-calculated stratospheric component (the percent of total 7 Be with a stratospheric source) with pressure at the location of TOPSE measurements is shown in Figure 8c . It equals 25-30% near the surface and increases steadily with height reaching 40-45% by 650 hPa. The stratospheric component then remains steady to $475 hPa before increasing rapidly and reaching 64% by 365 hPa.
Evaluation of Seasonal Changes in O 3 During the TOPSE Period
[38] The evaluation of seasonal changes in O 3 mixing ratios during the TOPSE period will be divided into four sections. In the first section, correlations between O 3 and four stratospheric tracers (PV, model-calculated 7 Be, measured 7 Be, and HNO 3 ) will be assessed using measurements and model output along TOPSE flight paths. In the second section, seasonal trends in O 3 , 7 Be, and PV will be estimated using measurements and model output along TOPSE flight paths. In the third section, the contributions of changes in mass convergence, scavenging, and net radioactive production to seasonal changes in 7 Be will be evaluated for the southern and northern portions of the TOPSE region. Implications for seasonal changes in O 3 will be discussed in section 4. Be are slightly higher than correlations between PV and O 3 throughout the troposphere. In both cases, correlations with PV decrease rapidly below $290 K. Correlations between O 3 and HNO 3 also fall off rapidly with decreasing q. Clearly, the value of PV and HNO 3 as stratospheric tracers decreases rapidly with decreasing q. The q range for which PV is a useful tracer of stratospheric air can be seen in Figure 10 . This figure shows the correlation between PV and model-calculated Be with a stratospheric source (c). The profiles were obtained by applying a 25-point smoother to the raw fields after sorting them by pressure. The standard deviation was calculated for each 25-point subset, and the mean ±1s is shown. 
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[40] Before assessing trends, the 274 free troposphere data points (see section 3.2) were placed into six bins using three q (q < 290 K, 290 K < q < 300 K, and q > 300 K) and two PV (PV < 0.75 PVU, PV > 0.75 PVU) categories. Binning tracers by potential temperature (q) reduces meteorological variability associated with day-to-day changes in air mass, as air parcels remain on the same isentrope during the adiabatic ascent and descent associated with the passage of synoptic-scale features. Diabatic processes will change q; however, outside of regions of active convection, changes in q following air parcels are typically less than 1 K d À1 [Holton, 1979] . Deployment-averaged values of O 3 , PV, measured 7 Be, and model-calculated 7 Be are shown for each of the bins in Figures 11, 12 , and 13. Mean trends of O 3 and PV are shown in Table 2 . With one exception, O 3 mixing ratios (see Figures 11a and 11c, 12a and 12c , and 13a and 13c) show a statistically significant increase with time during the TOPSE period. Increases of 4 -7 ppbv month À1 are typical. O 3 mixing ratios in the $295 K/>0.75 PVU bin do not show an increase with time as extensive sampling within the ''tropospheric portion'' of a 7 March fold caused PV values in this bin to decrease by 0.2 PVU month À1 ( Figure 12c and Table 2 ). This sampling bias caused PV to decrease with time and O 3 to remain steady during the TOPSE period.
[41] Trends in measured 7 Be, model-calculated tot-7 Be, and model-calculated strat- 7 Be are shown in Figures 11b  and 11d, 12b and 12d , and 13b and 13d and in Table 3 . In most cases, agreement is reasonable in well-sampled bins where biases between model-calculated and measured mixing ratios are relatively small and poor in undersampled bins. For example, measurements show a large negative trend (À34.9% month Be measurements in the 295 K/<0.75 PVU bin show a similar pattern with an increase with time between deployments 1 and 7. However, the increase observed in 7 Be may be overestimated as it is partially caused by one very low mixing ratio during deployment 1. Model-calculated mixing ratios may be more reliable than measured mixing ratios during ''undersampled'' deployments because model-calculated 7 Be mixing ratios are less variable than measured mixing ratios (see Figures  8a -8c ). Differences between model-calculated and measured trends are significantly smaller in other bins. Discounting the undersampled bins, 7 Be mixing ratios increase with time in the upper troposphere (q > 300 K) and change little with time in the lower and middle troposphere.
[42] Deployment-averaged O 3 and 7
Be mixing ratios were especially large for q > 300 K during flight 24 of deployment 5 (Figures 13c and 13d ). This flight began in Broomfield, CO and ended in Winnipeg, Manitoba. A curtain plot (not shown) for this flight indicated that several of the samples were taken within a tropopause fold. Only one of the samples was classified as stratospheric using the criteria described in section 3.2; however, three additional samples with elevated O 3 and 7 Be had mean sampling pressures within 10 hPa of the 6-hour average tropopause pressure. These samples could easily have been classified as stratospheric with a slightly more relaxed criteria. The sensitivity of trends to the tropopause definition is a concern and indicates that trends for PV < 0.75 PVU are more reliable than trends for PV > 0.75 PVU.
[43] For a given pressure level in the troposphere, mean values of q decrease with increasing latitude (e.g., Figure 1 ). Therefore, upper tropospheric sampling bins contain more low latitude (latitudes < 60°N) sampling points than lower tropospheric bins. The percent of samples collected at low latitudes is 25% for q < 290 K, 33% for q $ 295 K, and 83% for q > 300 K. Since 7 Be increases with time for q > 300 K, it also increases with time in the southern portion of the TOPSE region. Changes in the northern portion of the TOPSE region are small (see section 5.3.1). Be mixing ratios along TOPSE flight paths increased with time in the upper troposphere and decreased or remained constant with time in the middle and lower troposphere. What changes were seen for the troposphere as a whole during the TOPSE period? Changes with time of troposphere-average model-calculated 7 Be mixing ratios are shown for the southern (100°-60°W, 40°-60°N) and northern (100°-60°W, 60°-80°N) portions of the TOPSE region in Figures 14a and 14b Be are also shown in Table 4 . The troposphere averages were obtained by weighting 7 Be mixing ratios at tropospheric grid volumes by the mass of each grid volume. Grid volumes are considered to be tropospheric if they reside entirely within the troposphere (i.e., if the pressure at the top of the volume is greater than the GEOS-3 DAS tropopause pressure at that grid point). The contributions of 7 Be with a tropospheric (trop-7 Be) and a stratospheric (strat-7 Be) source to the troposphere-average mixing ratios are also shown.
Analysis of Model-Calculated
[45] Troposphere-average mixing ratios increased by 3.0% month À1 in the southern portion of the region and by 1.3% month À1 in the northern portion of the region. Figure 13 . Same as Figure 11 , but for sampling points with q > 300 K. The q/PV bins (q < 290 K, 290 K < q < 300 K, q > 300 K) and PV (PV < 0.75 PVU, PV > 0.75 PVU) are shown in column 1. O 3 trends expressed in ppbv month À1 and % month À1 are shown in columns 2 and 3. Statistically significant (insignificant) O 3 trends at a 95% confidence level are identified in column 4 with a Y(N). The significance tests assume a Student's t distribution with 5 or 6 degrees of freedom depending on the number of deployments with at least one sample in the bin. The PV trend in PVU month À1 is shown in column 5. The number of data points in each bin (Npts) is shown in column 6. are shown in columns 2, 5, and 8. Trends in % month À1 are shown in columns 3, 6, and 9. Statistically significant (insignificant) trends at a 95% confidence level are identified in columns 4, 7, and 10 with a Y(N).
Both trop-7
Be and strat- 7 Be increased with time; although, the relative increase of each component varied between the southern and northern portion of the TOPSE region. Be mixing ratios increased by 2.1% in the southern portion of the region and by 2.2% in the northern portion of the region. Be mixing ratios increased by 3.5% in the southern region but by only 0.8% in the northern region.
Budget Analysis
[46] Insight into the processes responsible for the changes with time of troposphere-average 7 Be mixing ratios in the southern and northern portions of the TOPSE region can be obtained by analyzing the 7 Be budget in each region. Changes in troposphere-average 7 Be mixing ratios due to mass convergence (advection and/or STE), imbalances between radioactive production and decay, and scavenging (both wet and dry) are shown for the southern and northern portions of the TOPSE region in Figures 15a-15c and 16a-16c, respectively.
[47] In the southern portion of the region, day-to-day fluctuations in troposphere-average 7 Be mixing ratios are dominated by changes in mass convergence during February and March and by a combination of changes in mass convergence and scavenging during April and May (Figure 15a) . During February, Be decreases due to increases in mass divergence (due to net advection out of the region) and scavenging. Strat- 7 Be mixing ratios remain steady as increases in STE overcome losses by scavenging and advection. Troposphere-average total 7 Be mixing ratios decrease slightly during this period due to the increase in scavenging. During March, advection continues to be a net sink of trop- 7 Be and presumably strat- 7 Be while STE continues to be a net source of strat- 7 Be. However, neither process changes in strength during March and changes in 7 Be due to these processes are small. During April, net loss of trop- 7 Be via advection decreases rapidly; although, increases in trop- 7 Be are small because scavenging also increases rapidly during this period (see Figure 15b) . Be increases significantly during April. The increases Be budget within the troposphere for the southern portion of the TOPSE region. The thick solid line shows the change in mixing ratio during each 6-hour period due to all processes. The thick dotted, dashed, and dotdashed lines show the changes due to mass convergence, imbalances between radioactive production and decay, and scavenging. The zero line is shown with a thin solid line. In order to reduce noise, a boxcar smoother of width 57 (14 days) was applied to the time series before plotting. Because of the smoothing, only fields for 8 February to 24 May are shown.
are most likely caused by increases in STE; although, increases in mass convergence due to horizontal advection also play a role. Mixing ratios of both trop- 7 Be and strat- 7 Be decrease during May as changes due to advection and/or STE level off while scavenging continues to increase.
[48] In the northern portion of the region, fluctuations in troposphere-average 7 Be mixing ratios are smaller and controlled by changes in mass convergence due to advection and/or STE. Seasonal trends are also smaller (see Table 4 ). In general, mass convergence leads to an increase in strat- 7 Be due to STE ( Figure 16c ) and a decrease in trop- 7 Be via advection out of the region or troposphereto-stratosphere exchange (Figure 16b ). Contributions to strat- 7 Be from STE (the dotted line in Figure 16c ) increase during February remain constant during March and April and decrease slowly throughout much of May. Overall increases during the February -May period are small. Increases in trop- 7 Be exceed increases in strat- 7 Be (see Table 4 ) because the increase due to STE does not change significantly between mid-February and late May, while the net transport of trop- 7 Be out of the high latitude region decreases from February to May.
[49] Changes in troposphere-average 7 Be mixing ratios due to seasonal changes in the difference between radioactive production and decay are also shown in Figures 15  and 16 . Radioactive production was held fixed throughout the simulation. However, the partitioning of the 7 Be source between the troposphere and stratosphere changes with time as the mean tropopause moves upward and poleward during the spring. This movement leads to an increase in the tropospheric component ( Figure 15b ) and a decrease in the stratospheric component (Figure 15c ). With the 7 Be source held fixed, seasonal increases in scavenging also lead to an imbalance between radioactive production and decay. Decay is suppressed and the net change in productiondecay during the TOPSE period is positive (Figure 15c) . However, the overall contribution of imbalances between radioactive production and decay to the 7 Be trend is small.
Implications for Seasonal Changes in O 3
[50] The differing temporal trends in 7 Be between the southern/high q portion of the TOPSE region and the northern/low q portion of the TOPSE region are consistent with the belief that changes in STE impact the tropospheric middleworld more than the underworld [Hoskins, 1991] . Potential temperature surfaces of less than $300 K are in the underworld throughout the TOPSE period (see Figure 1) . It is also consistent with studies that show that total stratosphere-to-troposphere exchange falls off dramatically north of 50°N [Wernli and Bourqui, 2002] . The impact of seasonal increases in STE on the underworld is indirect and difficult to quantify with 7 Be since many different processes will affect its distribution before it reaches the underworld.
[51] O 3 trends are positive throughout the troposphere but are larger in the tropospheric middleworld than in the underworld. The underworld trends may be partially caused by seasonal changes in STE; however, seasonal changes in photochemical processing and/or in the abundance of O 3 precursors are much more likely explanations. Browell et al. [2002] estimated that seasonal changes in STE could explain less than 20% of the observed increase in O 3 at latitudes poleward of 60°N. Seasonal changes in STE are at least partially responsible for the springtime maxima in the tropospheric middleworld. The contribution is likely to decrease with time during the late spring after the springtime peak in STE. This decrease would be consistent with the decrease seen in tropospheric middleworld O 3 and 7 Be mixing ratios between the sixth and seventh deployments (Figures 13a and 13b) .
[52] The percent changes in strat- 7 Be shown in Tables 3  and 4 can be used to estimate the contribution of seasonal changes in STE to the springtime O 3 maxima. This estimation assumes that O 3 with a stratospheric source increases by the same percent as 7 Be with a stratospheric source (strat- For q > 300 K (the tropospheric middleworld), changes with time of strat-7
Be along TOPSE flight paths equals 4.6% (month À1 ) for PV < 0.75 PVU and 8.8% for PV > 0.75 PVU (see Table 3 ). Assuming f strat (O 3 ) equals 0.5, these changes would result in a 2.3% (lower bound) to 4.4% increases in tropospheric middleworld O 3 . However, model-calculated trends of tot- 7 Be within the tropospheric middleworld (7.2% and 11.3%) are nearly a factor of 2 less than measured trends (12.2% and 25.8%) (see Table 3 ). If measured trends are accurate, increases in tropospheric middleworld O 3 Figure 16 . Same as Figure 15 , but for northern portion of TOPSE region. Be g À1 . Since mBq SCM À1 are proportional to mixing ratio, 7 Be activities when expressed in terms of mBq SCM À1 will be referred to as mixing ratios.
